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The germ cell lineage is specified by the germ plasm, which in Xenopus laevis contains putative determinants called
germinal granules. The pathway through which these structures form and how their components are assembled remain
unclear. Using a combination of electron microscopy and in situ hybridization with the germinal granule-associated Xcat2
mRNA we demonstrated that the granules were derived from a branching network of granulofibrillar material within the
mitochondrial cloud. Targeting of Xcat2 mRNA to the germinal granules depended on a 164-nt 3*UTR germinal granule
localization element (GGLE; nt 631–795) that was distinct from the previously defined mitochondrial cloud localization
element (MCLE; nt 403–630; Y. Zhou and M. L. King, 1996, Development 122, 2947–2953). This demonstrated that the Xcat
3*UTR contains a compound localization element consisting of a general element (MCLE) targeting the RNA to the
mitochondrial cloud and a second element (GGLE) responsible for targeting to the germinal granules within the cloud. The
GGLE when fused to Xlsirt RNA was sufficient to target this nongranule mitochondrial cloud-associated RNA to the
germinal granules. This is the first example of a localization element involved in targeting an mRNA to a specific subcellular
target such as the germinal granules and suggests that cis-acting elements on RNAs play an important role in the assembly
of germinal granules and, therefore, the establishment of the germ cell lineage. © 2000 Academic Press
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mbryology.INTRODUCTION
In many organisms there is a specialized region of the
cytoplasm, the germ plasm, that is set aside early in
development and is believed to contain the determinants
specifying the germ cell lineage. Germ plasm is character-
ized by the presence of unique structural components
termed P granules in Caenorhabditis elegans, polar gran-
ules in Drosophila, and germinal granules in amphibians
(Strome and Wood, 1983; Mahowald, 1968). In Drosophila,
polar granules were found to contain several molecular
components including three noncoding RNAs, Pgc-1, the
large mitochondrial rRNA subunit, and the small mito-
chondrial rRNA subunit, as well as Oskar, Vasa, and Tudor
1 To whom correspondence should be addressed. Fax: (713) 794-
4394. E-mail: lde@notes.mdacc.tmc.edu.
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All rights of reproduction in any form reserved.proteins (Nakamura et al., 1996; Kobayahi et al., 1993;
Kashikawa et al., 1999; Breitweiser et al., 1996; Hay et al.,
1988), all of which play important roles in organizing the
pathway for germ plasm assembly and function. Mutation
or perturbation of several of the genes encoding these
products disrupted polar granule structure or formation
resulting in sterile embryos (Boswell and Mahowald, 1985;
Lehmann and Nusslein-Volhard, 1991).
In amphibians, the germ plasm components originate in
the nuage of the mitochondrial cloud (Al-Mukhtar and
Webb, 1971; Balinski, 1966; Billett and Adam, 1976; Cog-
gins, 1973; Heasman et al., 1984). The germ plasm within
the mitochondrial cloud contains a variety of different
RNAs that include Xcat2, Xlsirts, and Xwnt11 (Mosquera et
al., 1993; Kloc et al., 1993; Ku and Melton, 1993) that are
transported along with the plasm to the vegetal cortex
during early stages of oogenesis (stages 1 to 2; Dumont,
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222 Kloc et al.1972; Forristall et al., 1995; Kloc and Etkin, 1995;
Czolowska, 1969, 1972). At the ultrastructural level the
amphibian germ plasm of stage 1 through stage 6 oocytes
contains structures called germinal granules that are simi-
lar to the Drosophila polar granules, an undefined granulo-
fibrillar material (GFM), and large numbers of mitochondria
(Mahowald and Hennen, 1971; Williams and Smith, 1971;
Al-Mukhtar and Webb, 1971; Heasman et al., 1984; Tourte
et al., 1981). Prior to stage 1 there are no recognizable
germinal granules and the mitochondria are separated by a
substance of unknown composition referred to as mito-
chondrial cement (Tourte et al., 1981). Heasman et al.
(1984) postulated that the GFM coalesces into the germinal
granules; however, they lacked molecular markers that
would have allowed them to follow this process more
precisely. Therefore, it is unclear how these granules form
during oogenesis. Recent evidence demonstrated that only
Xcat2 mRNA is associated directly with the germinal
granules, while Xlsirts and Xwnt 11 RNAs are located
within a fibrous network located between the mitochondria
and the germinal granules (Kloc et al., 1998). Therefore, we
utilized high-resolution in situ hybridization with silver
enhancement and electron microscopy using Xcat2 as a
molecular probe to define the pathway through which the
germinal granules form. In addition, we demonstrated that
the mechanism which targets Xcat2 mRNA to the develop-
ing granule involves the functioning of a unique cis-acting
element in its 39UTR that is different from the localization
element which directs it to the mitochondrial cloud.
MATERIALS AND METHODS
Xenopus Oocytes
Ovaries from 2- to 4-cm Xenopus laevis females were removed
from anesthetized frogs. Ovaries were treated with collagenase to
remove follicular cells from oocytes and used either for electron
microscopy or for light microscopy in situ hybridization or analysis
of injected RNAs (basic procedures described in Kloc and Etkin,
1999).
Constructs
The Xlscat 631-795 chimera was constructed by digesting full-
length Xcat2 (gift from M. L. King, University of Miami) in pSport1
with EcoRI and SmaI, which deletes the entire Xcat coding region
plus the mitochondrial cloud localization element (MCLE) of the
39UTR (1–631). The 164-nt germinal granule localization element
(GGLE) from the 39 end of the Xcat 39UTR remained with the
Sport1 vector. A fragment from the Xlsirt containing three repeats
as generated using EcoRI and HindIII. This fragment was ligated
t the 59 end of the 164-nt GGLE from Xcat 2 (Kloc et al., 1993).
onstruct Xcat D1-631 was constructed by deleting the entire Xcat
oding and 39UTR up to nt 631 with EcoRI and SmaI. XcatD
31-795 (GGLE deletion) was constructed by digesting full-length
cat2 with SmaI and SalI and recloning the fragment into SmaI and
alI sites of pBS-KS. The RNA products of all of these constructs
ere tested for their stability by injection into oocytes, recoveryfter incubation for 2 days, and Northern blot analysis. m
Copyright © 2000 by Academic Press. All rightEM in Situ Hybridization
Collagenased oocytes were fixed for 1 h at room temperature in
M fixative containing 4% formalin, 0.1% glutaraldehyde (Ted
ella, Redding, CA), 100 mM KCl, 3 mM MgCl2,10 mM Hepes, 150
mM sucrose, and 0.1% Triton X-100. EM in situ hybridization was
erformed according to Kloc et al. (1998).
EM and Light Analysis of Injected RNAs
Injected RNAs were analyzed at the light level using the tech-
niques described in Kloc et al. (1996). For EM analysis of injected
RNAs collagenased oocytes were injected with digoxigenin-11–
UTP (BMB) labeled synthetic RNA (50–100 pg per oocyte). Oocytes
were cultured for 2 days, fixed in EM fixative (Kloc et al., 1998),
pretreated as for in situ without proteinase K treatment, postfixed
in EM fixative for 20 min, blocked in 2% blocking solution (Genius
BMB kit) for 1 h, and incubated with a 1:30 dilution of anti-
digoxigenin–nanogold antibody from BMB (nanogold is 0.8 nm)
overnight. They were then washed in PBS–0.05% Tween 20 3 3 15
min each, postfixed in 2% glutaraldehyde in PBS–Tween for 20
min, washed in water 3 3 10 min each, then silver enhanced as in
Kloc et al. (1998). Postfixed oocytes were then stained in 0.5%
uranyl acetate and embedded in Epon for electron microscopy.
Sections were cut at 700 Å and stained for 5 min in 1% aqueous
uranyl acetate and 2 min in 1% aqueous lead citrate at room
temperature. The sections were examined using a JEOL 1200-EX or
JEOL 100SX transmission electron microscope at 80 kV. Analysis
of injected RNAs for light microscopy was carried out as in Kloc et
al. (1996).
RESULTS
To further investigate how germinal granules form during
oogenesis we utilized Xcat2 mRNA as a molecular marker
in conjunction with in situ hybridization and electron
microscopy (Kloc et al., 1998). Immediately after the 16-cell
est stage, Xcat2 mRNA was detected in early meiotic
ocytes localized to the mitochondrial aggregate, the pre-
ursor to the mitochondrial cloud (Fig. 1A). Xcat2 mRNA
as located between the mitochondria at the periphery of
he area containing the mitochondrial cement (Fig. 1A). At
his time there were no structures that resembled germinal
ranules. In prestage 1 to stage 1 oocytes Xcat 2 mRNA,
hich was previously at the periphery of the mitochondrial
ement, now was observed within aggregates of GFM that
ormed branching structures located between the mito-
hondria (Fig. 1B). At this stage mitochondrial cement was
o longer visible; however, from their appearance and
ocation it is possible that the branching GFM may have
risen from the mitochondrial cement. In stage 1 oocytes
cat2 mRNA was still detected on the branching GFM;
owever, this material was juxtaposed to structures resem-
ling germinal granules, suggesting that the GFM coalesced
nto bona fide granules. The granule-like structures con-
ained Xcat2 mRNA at their surface (Fig. 1C). Xcat2 mRNA
as detected at the periphery of the nascent germinal
ranules (Figs. 1D and 1E), and in stage 1 to 2 oocytes Xcat2
RNA was observed within the mature germinal granules
s of reproduction in any form reserved.
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223Targeting of Xcat2 to the Germinal GranulesFIG. 1. Ultrastructural analysis of germinal granule morphogenesis and Xcat2 mRNA localization during oogenesis. EM in situ
hybridization was performed as described previously (Kloc et al., 1998). (A) Analysis of postnest stage 1 oocyte showing mitochondria
eparated by the mitochondrial cement. Xcat2 mRNA was located between the mitochondria but not within the cement (arrows). Bar, 200
m. (B) Xcat2 mRNA is detected on branching GFM (arrows) that are associated with structures resembling forming germinal granules. Bar,
00 nm. (C) The branching GFM alongside newly formed germinal granules containing Xcat2 mRNA. These are classified as newly formed
ased on their association with branching GFM. Open arrows point to granules, closed arrows point to GFM. Bar, 200 nm. (D) Newly formed
erminal granules with GFM still associated and containing Xcat2 mRNA. Open arrows point to germinal granules and solid arrows point
o GFM. Bar, 200 nm. (E) Newly formed germinal granule with Xcat2 at surface. Bar, 50 nm. (F) Low-magnification view of germ plasm
egion of late stage 1 oocyte. Bar, 3 mm. Open arrows point to the germinal granules containing Xcat2 mRNA. Oocytes shown in B–E areprestage 1.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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224 Kloc et al.(Fig. 1F). From our detailed observations of the ultrastruc-
ture of the germ plasm in different stage oocytes we
conclude that the germinal granules were derived from the
branching GFM aggregates that contain Xcat2 mRNA.
Although we do not have direct evidence we suggest that
the GFM was derived from the mitochondrial cement first
detected between the mitochondria in 16-cell nests.
Previous studies in Xenopus demonstrated that the ger-
minal granules contained a number of different proteins and
RNAs (Komiya et al., 1994; Nakazato and Ikenishi, 1989;
Watanabe et al., 1992). An important question concerns the
mechanism through which these components are as-
sembled into the granules. We addressed this issue by trying
to identify cis-acting elements on Xcat2 mRNA that target
it to the germinal granules. Zhou and King (1996a,b) dem-
onstrated that a 227-nt element within the Xcat2 mRNA
FIG. 2. Constructs used to make synthetic RNAs to identify l
itochondrial cloud (cloud) and germinal granules (granule). (A) X
deleted from the 39UTR, Xcat D631-795 has the GGLE sequence de
of the associated unique sequence (Kloc et al., 1993). Xlscat631-795
at the 39end. 1 indicates ability to localize to mitochondrial cloud o
A minimum of 50 oocytes were analyzed for each construct. (B) Sta
was injected into oocytes after which they were cultured for 2 d
separated by denaturing gel electrophoresis, blotted onto Genescre
tase antibody, and analyzed by color reaction. Shown is a composite
of RNA ran at a different mobility.39UTR (403–630 nt) was required for localization of Xcat2 f
Copyright © 2000 by Academic Press. All rightRNA to the mitochondrial cloud and, therefore, served as
MCLE. Also, when fused to the luciferase mRNA it
irected this mRNA to the cloud. In addition, Kloc et al.
1998) showed that another germ plasm-localized RNA,
lsirts, was not associated with the germinal granules but
nstead was localized to a fibrous structural component of
he germ plasm. Targeting to the mitochondrial cloud was
irected by the Xlsirt repeat elements, which were neces-
ary and sufficient for localization to the mitochondrial
loud (Kloc et al., 1993). With this information in mind we
ttempted to identify a cis-acting element in Xcat2 mRNA
hat targeted it to the germinal granules by creating a series
f constructs that removed various regions of the Xcat2
RNA 39UTR (Fig. 2A).
We injected digoxigenin-labeled full-length Xcat2 mRNA
nto stage 1 oocytes and cultured the oocytes for 48 h
ation elements and summary of their ability to localize to the
L is the full-length Xcat2 mRNA, Xcat D403-630 has the MCLE
, and Xlsirt contains three full sirt repeat units with a short piece
ins the Xlsirt repeats onto which the 164-nt GGLE has been cloned
germinal granules; 2 indicates no localization to cloud or granules.
y assay for injected constructs. 200 pg of digoxigenin-labeled RNA
nd RNA was extracted from 50 oocytes. The isolated RNA was
lus membrane, incubated with anti-digoxigenin alkaline phospha-
veral different blots with the bands aligned. In reality each speciesocaliz
cat-F
leted
conta
r to
bilit
ays, a
en P
of seollowed by incubation with nanogold-derivatized anti-
s of reproduction in any form reserved.
r
t
m
e
i
T
t
t
s
d
t
f
p
l
p
G
t
c
p
d
g
t
t
J
S
p
P
m
t
1
c
r
1
m
g
G
n
g
i
G
c
c
t
t
t
i
n
t
t
o
1
a
m
w
m
t
(
a
a
i
t
w
e
b
f
R
a
H
225Targeting of Xcat2 to the Germinal Granulesdigoxigenin antibody and silver enhancement. The injected
RNA from this construct along with all others was tested
for stability in the injected oocytes (Fig. 2B). Figure 3A is a
light microscopy image showing that the wild-type exog-
enous Xcat2 mRNA containing the full-length 39UTR was
capable of targeting to the cloud. Figure 3B shows that at
the ultrastructural level we detected the exogenous full-
length Xcat2 mRNA (Xcat-FL; Fig. 2A) associated with the
germinal granules. Exogenous Xlsirt RNA, while capable of
targeting the cloud (Fig. 3C), did not associate with the
germinal granules but, as expected, targeted the fibrous
network where the endogenous Xlsirt RNA was found (Fig.
3D) (Kloc et al., 1998). Control Vg1 mRNA was not targeted
to the cloud (Fig. 3E).
Injection of a mutant Xcat2 mRNA that deleted the distal
164 nucleotides of the 39UTR (Xcat D631-795), leaving the
MCLE intact, clearly targeted the cloud (Fig. 4A) but did not
associate with the germinal granules (Fig. 4B). This result
supported the conclusion that this 164-nt element was
necessary for targeting Xcat2 to the germinal granules. We
also showed that, in agreement with Zhou and King
(1996a,b), a mutant which deleted the 227-nt MCLE re-
sulted in the loss of ability of Xcat2 to target the cloud (Figs.
2A and 4C).
To test if the 164-nt element was sufficient to target a
heterologous RNA to the germinal granules we made a
construct in which we placed the Xcat2 164-nt sequence at
the 39 end of three Xlsirt repeats (Xlscat631-795). Our
ationale was that the Xlsirt repeat sequence would target
he chimeric RNA to the cloud and the Xcat2 sequences
ay target it to the germinal granules. This construct, as
xpected, targeted the mitochondrial cloud (Fig. 4D) and,
ndeed, also targeted the germinal granules (Figs. 4E and 4F).
his result clearly demonstrated that the distal 164 nt of
he Xcat2 39UTR, in conjunction with an element that can
arget the RNA to the cloud (MCLE), is both necessary and
ufficient to target RNA to the germinal granules. It also
emonstrated that the 39UTR of Xcat2 possesses a com-
pound localization element in which the proximal 227 nt
contains a cis-acting element, the MCLE, which localizes
he RNA to the cloud, and a distal 164-nt GGLE responsible
or targeting to the germinal granules.
DISCUSSION
We have used high-resolution electron microscopy in
combination with in situ hybridization to follow the mor-
hogenesis of germinal granules during oogenesis in X.
aevis. The data show that there is continuity between
reviously described GFM and germinal granules in that the
FM material contributes to the germinal granule struc-
ure. In addition it also appears that the mitochondrial
ement may also first contribute to the GFM; however, this
oint is still not well established (Fig. 5). We have also
emonstrated that the association of Xcat2 mRNA with the
erminal granule is directed by a cis-acting element.
Copyright © 2000 by Academic Press. All rightIn Drosophila there is a well-defined genetic pathway for
he assembly of the germ plasm and the proper formation of
he polar granules (Ephrussi and Lehmann, 1992; St.
ohnston et al., 1991). Several gene products such as Oskar,
taufen, Tudor, and Vasa proteins are required for proper
olar granule formation. Currently, only three RNAs,
gc-1, the large mitochondrial rRNA subunit, and the small
itochondrial rRNA subunit have been detected within
hese structures (Nakamura et al., 1996; Kobayahi et al.,
993). Interestingly, all of these are noncoding RNAs. While
is-acting elements that direct RNAs to the pole plasm
egion have been identified in Drosophila (Kim-Ha et al.,
991, 1993; Ephrussi and Lehmann, 1992) the nature of the
olecular signals that target these components to the polar
ranules is not known. The demonstration of a cis-acting
GLE in the Xcat2 mRNA is an indication that the mecha-
ism involved in targeting RNAs to the polar or germinal
ranules involves information contained within the local-
zed molecules. A sequence comparison between the Xcat2
GLE and the pGC1 and mt rRNA showed no obvious
onsensus sequences. Therefore, it is likely that, as is the
ase with many localization elements, the information for
argeting will be structural in nature. The Xcat2 GGLE is
he first localization element shown to target an RNA to
he germinal granules and suggests that such a mechanism
s important in germinal granule assembly.
An interesting question concerns the potential mecha-
ism through which the Xcat2 GGLE functions. There are
wo pathways, the METRO (early) and late, responsible for
he localization of RNAs to the vegetal cortex during
ogenesis in Xenopus (Forristall et al., 1995; Kloc and Etkin,
995, 1998; Kloc et al., 1996). These differ both temporally
nd mechanistically in that the late pathway relies on
icrotubules for transport of RNAs (Yisraeli et al., 1990)
hile the METRO pathway does not appear to depend on
icrotubule or microfilament cytoskeletal elements for
ransport to the METRO region of the mitochondrial cloud
Forristall et al., 1995; Kloc and Etkin, 1995, 1998; Kloc et
l., 1996). The nature of the machinery used by the cis-
cting GGLE to direct Xcat2 mRNA to the germinal granule
s unclear but may involve a trapping mechanism in which
he GGLE may bind to a specific complex or receptor
ithin the granule.
It is well known that previously identified localization
lements interact with trans-acting factors. The ZIP code
inding protein, or Vera (Deshler et al., 1998), was recently
ound to interact with localization elements from diverse
NAs such as the Xenopus vegetally localized Vg1 mRNA
nd the mammalian actin mRNA (Deshler et al., 1998;
avin et al., 1998; Gautreau et al., 1997; Ross et al., 1997).
This suggests that there is a highly conserved general
localization mechanism that utilizes the same machinery
for the localization of RNAs in a variety systems. The
presence of the GGLE in Xcat2 may represent a highly
specialized localization element that has evolved for the
purpose of targeting to specific structures within the germ
plasm. This is supported by the presence of the general
s of reproduction in any form reserved.
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227Targeting of Xcat2 to the Germinal Granuleslocalization element, the MCLE, targeting Xcat2 to the
mitochondrial cloud along with the GGLE targeting it to
the germinal granules, within the cloud. It will be ex-
FIG. 3. Analysis of the localization of injected Xcat2 and Xlsirt R
ull-length Xcat2 mRNA that was labeled with digoxigenin-11–UTP
y incubation with anti-digoxigenin alkaline phosphatase-conjuga
1999). Bar, 100 mm. (B) EM analysis of germ plasm region of mitoc
he germinal granules. Bar, 100 nm. (C) Whole-mount analysis of l
M analysis of germ plasm region of mitochondrial cloud showing
f Vg1 mRNA localization in stage 1 oocyte showing low level of b
he cloud (A and C) or the silver-enhanced gold particles (B, D, an
IG. 4. Analysis of the localization of the RNA from the Xcat D4
ocalization of injected Xcat D631-795 RNA to the mitochondrial cl
he germinal granules. Bar, 100 nm. (C) Whole-mount in situ hybrid
how localization to the cloud. (D) Whole-mount analysis of inject
loud. Bar, 100 mm. (E and F) EM analysis showing that the GGLE a
o the germinal granules. Solid arrows point to either the cloud (A
FIG. 5. Summary of germinal granule formation. Xcat2 mRNA wa
just after being surrounded by follicle cells. Mitochondria (green)
association of Xcat2 mRNA with the newly formed GFM (red) (Ear
small germinal granule-like structures. By stages 1 and 2 we detect
The association of Xcat2 mRNA with these structures involves t
needed for association with the cloud.oint to germinal granules. Bar, 100 nm.
Copyright © 2000 by Academic Press. All rightremely important to determine the degree of conservation
f this cis-acting signal among germ plasm-associated
NAs from various organisms as well as to define the
. (A) Whole mount of a late stage 1 oocyte injected with 200 pg of
ected oocytes were incubated for 2 days and the RNA was detected
ntibody followed by a color reaction according to Kloc and Etkin
rial cloud showing silver-enhanced gold particles associated with
age 1 oocyte injected with 200 pg of Xlsirt RNA. Bar, 100 mm. (D)
t RNA associated with fibrous network. Bar, 100 nm. (E) Analysis
round labeling in cloud. Bar, 250 nm. Solid arrows point to either
Open arrows point to germinal granules.
0 and Xlscat631-795 constructs. (A) Whole-mount analysis of the
Bar, 100 mm. (B) EM analysis showing that this RNA did not target
on analysis of oocyte injected with Xcat D403-630, which does not
NA from the Xlscat631-795 construct showing localization to the
ated with Xlsirts in the Xlscat631-795 construct targets the Xlsirts
D) or the silver-enhanced gold particles (B, E, and F). Open arrows
ected at the periphery of the mitochondrial cement (red) in oocytes
mbedded within the cement (Post nest). The next phase involves
estage 1). At early stage 1 we see the aggregation of the GFM into
Xcat2 mRNA associated with the fully formed germinal granules.
esence of a cis-acting element that is different from the elementNAs
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228 Kloc et al.nature of the trans-acting factors that interact with the
GGLE. This information will be essential from the stand-
point of understanding not only mechanisms of RNA local-
ization but also the conservation of strategies utilized in the
organization of the germ plasm and specification of the
germ cell lineage.
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